DNA in a single-stranded form (ssDNA) exists transiently within the cell and comprises the telomeres of linear chromosomes and the genomes of some DNA viruses. As with RNA, in the single-stranded state, some DNA sequences are able to fold into complex secondary and tertiary structures that may be recognized by proteins and participate in gene regulation. To better understand how such DNA elements might fold and interact with proteins, and to compare recognition features to those of a structured RNA, we used in vitro selection to identify ssDNAs that bind an RNA-binding peptide from the HIV Rev protein with high affinity and specificity. The large majority of selected binders contain a non-Watson-Crick G$T basepair and an adjacent C:G base-pair and both are essential for binding. This GT motif can be presented in different DNA contexts, including a nearly perfect duplex and a branched three-helix structure, and appears to be recognized in large part by arginine residues separated by one turn of an a-helix. Interestingly, a very similar GT motif is necessary also for protein binding and function of a well-characterized model ssDNA regulatory element from the proenkephalin promoter.
Introduction
Cellular DNA generally is found in a doublestranded state but exists also transiently in singlestranded forms during replication, transcription, recombination, and repair. Although short stretches of DNA may remain completely unpaired, singlestranded DNA (ssDNA) has a tendency to fold into extensively base-paired structures, and non-specific ssDNA-binding proteins (SSBs) typically are needed to help disrupt undesirable secondary structures. 1 However, proteins can recognize ssDNA in a specific manner, for example, binding to exposed bases at telomeres or transcription control elements, or sometimes to folded structures, such as in ssDNA viruses or at plasmid replication elements. [2] [3] [4] [5] [6] [7] Recognition of folded DNA structures can be compared to recognition of RNA, although to date only a few ssDNA-binding interactions have been characterized and limited structural information is available. The principles that govern RNA structure formation and protein binding are relatively well understood, aided particularly by the recent determination of the crystal structures of the ribosome. [8] [9] [10] [11] [12] [13] It is clear that RNAs fold with a diverse set of backbone conformations, arrangements of base and backbone hydrogen bonding groups, surfaces for stacking interactions, and electrostatic distributions that all can contribute to specific protein recognition. 14 Despite this diversity, a relatively small number of RNA structural motifs appear repeatedly in a variety of different contexts. [15] [16] [17] [18] [19] [20] [21] [22] [23] Like RNA, DNA aptamers have been found to adopt complex folds and carry out catalytic functions, [24] [25] [26] suggesting that perhaps a similar repertoire of DNA structures may be available for protein recognition. However, differences between DNA and RNA in their helical architectures (B versus A form), sugars, and bases can be expected to result in significantly different folds and recognition features, and thus it will be interesting to study a variety of ssDNA-protein complexes and to compare and contrast them to RNA-protein complexes.
Most of the examples of sequence-specific recognition of folded ssDNA involve hairpin or cruciform structures. In perhaps the best studied case, the ssDNA bacteriophage N4 RNA polymerase initiates transcription by recognizing stem and loop sequences in a DNA hairpin that is stabilized by a G-C base-pair at the top of the stem and an AAG loop, which also enhances the kinetics of hairpin extrusion. [27] [28] [29] In other examples, the Escherichia coli RNA polymerase holoenzyme initiates transcription from a single-stranded cruciform at a Col1b-P9 plasmid promoter, 30 the TrwC relaxase, and perhaps other conjugative relaxases, recognize a hairpin and adjoining single-stranded sequences at the origin of plasmid rolling circle replication, 7 and the CREB protein activates transcription by binding to an imperfect hairpin found in a cruciform extruded from the proenkephalin promoter. 31 It also has been observed that inverted DNA repeats capable of forming cruciform-like structures are found in genomes at high frequencies, 32, 33 suggesting that non-Watson-Crick base-pairs, bulges, and loops often used for RNA binding may be more common in DNA than is currently appreciated. Much of what is known about ssDNA-protein recognition at the molecular level has come from structural studies of common RNA-binding motifs, such as RRM and KH domains, which can recognize extended DNA sequences primarily though extensive contacts to the exposed bases, much like they recognize RNA and with similarly high affinities. [2] [3] [4] 34 To better understand how folded ssDNAs can be recognized by proteins, we reasoned that another common RNA-binding domain, the arginine-rich motif (ARM), might provide a good model because it depends on a precise RNA secondary structure for recognition. The ARM is a 10-20 amino acid residue domain characterized by an abundance of arginine side-chains that typically binds highly structured RNA elements with high affinity and specificity as an isolated peptide. ARM peptides are structurally diverse, recognizing their RNA targets in a-helical, b-hairpin, or extended conformations and often require the folded RNA to stabilize their structures. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The HIV Rev ARM binds to its Rev response element (RRE) RNA as an a-helix. 37, 38, 45 As this is the most commonly used secondary structure for DNA major groove recognition, [46] [47] [48] we used the Rev peptide as a target for in vitro selection of high-affinity ssDNA binders. Our experiments identified a small DNA motif, containing a non-Watson-Crick G$T base-pair adjacent to a C:G pair, within two different secondary structure frameworks that is recognized by a pair of arginine residues. Interestingly, while this GT motif has not been observed in ARM-binding sites in RNAs, it is found in a proenkephalin promoter element, 31, 49 where it also probably is recognized by arginine residues in an a-helix. We discuss structural models for recognition of the GT motif and possible implications for ssDNA recognition in other biological contexts.
Results

In vitro selection of Rev peptide-binding DNAs
To select for tight ARM-binding ssDNAs, we used an HIV Rev peptide (Figure 1(a) ) as the target, as it is a representative ARM domain that requires a structured RNA site for binding. The peptide was modified with a succinyl group at the N terminus and four alanine residues at the C terminus to stabilize the a-helical conformation that is required for RRE IIB RNA recognition (Figure 1(a) ), and which is typical of many dsDNA-binding domains. 45, 47 We performed in vitro selection with a DNA library of w3!10 14 sequences containing 50 randomized nucleotides, using Rev peptide competition to elute specific binders from a peptide affinity resin. To avoid DNAs that bound predominantly via non-specific electrostatic interactions with the highly charged peptide, we included a negative selection step using a matched peptide in which all arginine residues were replaced by lysine. Thirteen rounds of selection were performed, with the stringency increased progressively by: (1) decreasing the concentration of competitor peptide used for elution; (2) increasing the concentration of mutant peptide used for negative selection; and (3) increasing the concentration of salt (see Materials and Methods). Fifty DNA clones were sequenced. Representative members all bound the Rev peptide with affinities and specificities comparable to that of the RRE IIB RNA (see below) and competed efficiently with IIB RNA for binding (data not shown), demonstrating that ssDNAs could indeed be recognized by an ARM peptide.
Of the 50 clones, 27 contained a TGTTC pentamer (Figure 1(b) ), and 23 of those also contained the sequence AGCA, which can combine to form a four base-pair helix with a G$T pair at the second position (Figure 1(c) ). In most of these molecules, the AGC was provided by the last three positions of the 5 0 priming sequence, which might partly account for the high frequency of the TGTTC motif in the final population. However, there were several cases in which the only AGCA, or the one most likely selected (see example below), was composed entirely of randomized sequence. An additional seven clones contained single nucleotide changes in the TGTTC sequence along with compensatory changes in the AGCA that are predicted to restore Watson-Crick pairing. Five of these occurred at the first position of the TGTTC (Figure 1(b) ), but no covariation was observed at the second or third positions, suggesting that the sequence of these two base-pairs is important. Two covariations were observed at the fourth position, but these probably have disrupted folds. There was no case in which G preceded AGCA, where it could pair with C at the fifth position of TGTTC, suggesting that this base must be unpaired or that it might be involved in a non-Watson-Crick interaction. Biochemical data described below support these phylogenetic observations. Folding the sequences using the MFOLD algorithm 50 indicated that a three-helix junction structure, with the three helices each connected by zero to four nucleotides of variable sequence, was a favored conformation for 22 of the 28 molecules that contain AGCA/TGTTC or covariants at the first position (Figure 1(c) ). Nuclease boundary determination and helix truncation experiments with several molecules support the predicted three-helix fold and define it as the minimal structure required for Rev peptide binding (S.G.L. & A.D.F., unpublished results). We refer to this structure as the GT1 motif. (a) The Rev ARM peptide (amino acid residues 34-50) used for selection and its high-affinity RRE IIB RNA-binding site. Amino acid residues in bold, large font are essential for binding IIB, while residues in bold, small font must be either arginine or lysine. The succinyl group at the N terminus and the alanine and arginine residues at the C terminus stabilize the a-helical conformation. 45, 52 Bold nucleotides in the RNA were identified by in vitro selection as important for binding, and the box indicates an essential purinepurine base-pair. 83 Determinants of the Rev peptide-binding site in the GT1 motif For more detailed analyses, we chose two representatives of the GT1 motif, A3 and G29, that are each predicted to have stable stems but differ in the size and composition of the loops connecting the stems. Fluorescence binding assays show that both molecules bind the Rev peptide with w1 nM affinities, similar to that of IIB RNA under the same assay conditions (Figure 2(a) ). Binding to selected DNA molecules ranges from w100-fold to several hundred-fold tighter than for the starting DNA pool, which compares favorably in specificity to the 100-fold difference in binding affinities between IIB RNA and an unrelated RNA hairpin (Figure 2(a) ).
To define nucleotides that make important contacts to the peptide or help stabilize the DNA fold, we measured binding affinities of a set of A3 and G29 point mutants. Both sets of molecules yielded similar results and representative data for A3 are shown in Figure 2 (b). Except for the basepair where covariation was observed, the sequence identities of all the base-pairs in the conserved stem are important. Substitution of the G$T pair with T$G or Watson-Crick pairs reduced affinity by at least eightfold, indicating that the orientation as well as the identity of the pair is important, and substitution of the C:G pair with T:A was especially detrimental, reducing binding by more than 75-fold. Substitution of the unpaired C with A reduced affinity modestly (fourfold), while changes at this position in the G29 molecule had little effect (data not shown), suggesting that the unpaired character of the base probably is the important feature. The mutagenesis data, together with the lack of sequence conservation in other regions of the structure, suggest that Rev peptide-binding specificity derives largely from presenting three basepairs in an appropriate non-canonical secondary structure.
Given the limited nucleotide requirements, we wished to obtain additional information about the site of peptide binding. To map the site, we performed chemical modification interference experiments using dimethylsulfate (DMS) to methylate the N7 position of guanine, hydrazine to disrupt pyrimidine bases, and N-ethyl-N-nitrosourea (ENU) to ethylate non-bridging oxygen atoms in the phosphate backbone. The results for A3 ( 
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backbone interferes with binding on both sides of the conserved helix, but shows a particularly strong effect at the last two nucleotides on the 3 0 side and at the unpaired C at the helical junction. As the identity of the unpaired base does not seem critical, this region may provide a unique backbone conformation that the peptide could recognize.
Both the DMS and hydrazine modifications also showed slight interference at nucleotides in an adjacent helix, 3 0 to the unpaired C in the A3 molecule. Similar experiments with other GT1 motif DNAs also showed weak interference in one of the two non-conserved helices, but the location of the helix, relative to the conserved helix, varied from case to case (data not shown). These data are consistent with a three-helix model in which specific contacts are made to the conserved helix, possibly oriented by non-specific interactions to a second helix, with little or no contact to the third helix.
Determinants of the Rev peptide-binding site in the GT2 motif
The GT1 motif clearly was dominant in the selection, but we found a second, related motif, GT2, in two of the sequenced molecules. Deletion analyses of one of these molecules (R28) defined a short nine base-pair hairpin binding site containing a four nucleotide loop and a single base bulge near the bottom of the stem (Figure 3(b) ). The six basepairs above the bulge are identical in both members of the GT2 family and, strikingly, each stem contains two sets of the G$T and C:G base-pairs, found to be critical for Rev recognition of the GT1 motif, arranged with dyad symmetry.
Mutation of any of the six conserved base-pairs reduced Rev peptide binding affinity significantly, with changes to the upper five pairs generally showing effects of more than 50-fold (Figure 3(a)  and (b) ). The identities of the loop or bulge bases are not important, but deletion of the bulge reduced affinity 16-fold, suggesting that some disruption of helical structure may be recognized. At either of the G$T positions, mutation to a Watson-Crick G:C pair reduced affinity to an undetectable level, implicating the T residues as especially critical recognition features. Mutation to Watson-Crick A:T pairs also had relatively large effects, while transversion to a T$G showed a 140-fold loss of affinity at the lower pair but only a sixfold loss at the upper pair, suggesting that Rev peptide interactions near the upper pair are somewhat adaptable and may partly recognize the disruption introduced by a nonWatson-Crick base-pair.
Modification interference results with R28 are completely consistent with the outcome of the mutagenesis. Modification of any guanine or pyrimidine base within the conserved six base-pair stem interfered strongly with binding, whereas modification of only one residue outside this region showed any effect (Figure 3(c) and (d) ). Backbone ethylation by ENU showed a similar pattern of interference, with eight positions showing at least some sensitivity, suggesting a substantial role for backbone contacts in R28 recognition. The pattern of ENU interference is more extensive than observed for the GT1 motif (Figure 2(c) and (d) ), and is consistent with the relative salt-dependences of binding in which about six counter ions are calculated to be displaced upon Rev binding to R28, about six upon binding to IIB RNA, and only about four upon binding to GT1 motif DNA (data not shown). The two strongly interfering phosphate oxygen atoms in the lower part of the 5 0 strand are separated from the two interfering phosphate oxygen atoms on the 3 0 strand by about half a turn of B-form helix, probably positioning them directly across the major groove from one another and suggesting that the peptide may span the major groove in the region near the bulge.
ARM peptides generally interact with RNA over a large portion of their surface by binding within the deep major groove of the A-form helix, exemplified by the Rev-RRE IIB RNA complex where about two-thirds of the peptide a-helix is buried in the groove. 37, 38 We wished to know whether the GT2 motif, which appears to be largely helical, might have characteristics of the A-form geometry that facilitate peptide binding. The CD spectra of A-form and B-form conformations are very distinct, 51 and the R28 DNA hairpin and its RNA analog produce spectra generally characteristic of the two forms (Figure 4(a) ). Corresponding DNA and RNA mutants in which the two G$T pairs have been substituted with Watson-Crick A:T pairs display even more characteristic A-form and B-form spectra, suggesting that the G$T pairs produce some helical distortion in both contexts. Upon addition of Rev peptide, a shift in the spectrum near 280 nm is observed only with wild-type R28 DNA, resulting in a spectrum indistinguishable from the Watson-Crick version of R28 DNA (Figure 4(b) ). Thus, the Rev a-helix binds to the GT2 motif in a major groove with B-form characteristics, perhaps like a-helices of DNA-binding proteins bind duplex DNA, and apparently recognizes more subtle features of DNA secondary structure than displayed by the three-helix GT1 motif.
Peptide determinants of GT motif recognition
Recognition of the RRE IIB RNA involves six amino acid residues from the Rev a-helix, four arginine residues, one threonine residue, and one asparagine residue, 37, 38, 45, 52 and we wished to compare these requirements to those for ssDNA recognition. Alanine substitutions were introduced at each peptide position and affinities for GT1 and GT2 DNAs were measured using competition assays. Substitution of two arginine residues (Arg38 and Arg42) decreased affinity for the threehelix GT1 motif by w200-fold, whereas substitution of four arginine residues (Arg38, Arg41, Arg42, and Arg46) decreased affinity for the GT2 hairpin by tenfold to 170-fold ( Figure 5(a) ). In addition to the different arginine requirements, Trp45 also is essential for three-helix binding, perhaps reflecting a structure-specific interaction (see Discussion). Neither interaction with DNA required the Thr34 or Asn40 side-chains used to recognize RNA.
To test whether the Rev peptide recognizes the DNAs in an a-helical conformation, we replaced Arg43, which is not required for binding to either GT motif DNA, with a proline residue, which is expected to disrupt helix formation, and observed a 30-fold reduction in affinity in both cases (data not shown). It also is apparent from helical wheel projections ( Figure 5(b) ) that the same face of the helix has been selected for binding to both GT motifs, although only a narrow sector is essential for three-helix GT1 recognition. The surface used for IIB RNA binding is quite different, with essential residues distributed around most of the helix, which reflects its burial deep within the A-form major groove. 37 It is interesting that such apparently different contact surfaces can be used to generate similar binding affinities.
Finally, we wished to deduce which arginine residues might contact the critical G$T and C:G base-pairs in the GT2 motif. We measured the affinities of arginine mutant peptides for a set of G$T or C:G mutants in order to identify cases where mutations in only one of the two GT motifs affect recognition by a given arginine mutant. Mutation of Arg42 or Arg46 reduced affinity for both the G34A/C49T and the G48A mutants substantially in the lower motif but had little or no effect on binding to the G37A or C38T/G45A mutants in the upper motif ( Figure 6 ), suggesting that Arg42 and Arg46 recognize the upper G$T and C:G region. Reciprocally, mutation of Arg38 substantially reduced affinity for the G37A and C38T/G45A mutants in the upper motif but not for the G34A/C49T or G48A mutants in the lower motif, suggesting that Arg38 recognizes the lower G$T and C:G region. Based on these results, it appears that the Rev a-helix is oriented with the C-terminal Arg42 and Arg46 residues positioned near the hairpin loop and the N-terminal Arg38 residue near the base of the stem. Given that Arg38 and Arg41 are separated by approximately one turn of the a-helix, it might be expected that Arg41 also would be located near the lower stem GT motif and, indeed, the Arg41 mutant has a relaxed specificity for the lower motif mutants; however, it also shows a similar loss of specificity for the upper motif mutants, suggesting that the two binding motifs are not completely independent and may be coupled through the critical Arg41 residue. The spacing of the Arg38/41 and Arg42/46 pairs by about one helical turn suggests that this may represent a favorable arrangement for recognizing adjacent G$T and C:G base-pairs.
Discussion
The GT motif as an ssDNA recognition element
We chose the Rev ARM peptide as a target for selecting potentially common structured ssDNA recognition elements, in part because Rev recognition of RNA relies heavily on the RNA fold and also because it depends on arginine residues presented in an a-helical arrangement, representing the most common side-chain and secondary structure used for dsDNA recognition. [46] [47] [48] 53 Indeed, the GT motif we identified, composed of a G$T basepair adjacent to a C:G pair (Figure 7(a) ), may be a common recognition module, as it was found three times in two independent sequence families and in two different DNA structural contexts. Furthermore, we found the same motif in an ssDNA selection experiment with a bovine immunodeficiency virus (BIV) Tat ARM peptide which binds RNA as a b-hairpin (S.G.L., unpublished results), and most interestingly, two GT motifs are found in one of the few well established ssDNA regulatory elements, an ssDNA hairpin in the proenkephalin promoter that is bound by the CREB transcription factor. 31, 49 In this case, two sites, which are imperfect matches to the consensus duplex binding site for CREB and are oriented as inverted repeats, form a cruciform in which one hairpin arm binds CREB. The only deviations from Watson-Crick base-pairing in the hairpin stem are two G$T base-pairs, and in vitro binding, in vivo footprinting, and reporter assays showed that one of these is critical for CREB binding and transcription activation. 31, 54 CREB is a member of the bZIP (basic leucine zipper) protein family that typically uses a dimer of basic a-helices to recognize the major groove of duplex DNA, 48, 55 suggesting that the GT motif can be recognized by a known DNAbinding domain and that other domains also may be adapted to recognize ssDNA, and particularly the GT motif, as discussed below.
Much of the binding specificity for each of the two GT motifs in the selected GT2 hairpin apparently is determined by a pair of arginine residues separated by one turn of an a-helix ( Figure 6 ). This arrangement also can be proposed for recognition of the GT motif in the GT1 DNA family, where arginine residues at positions 38 and 42, also one helical turn apart, are critical determinants of specificity ( Figure 5, and see below) . The DNA-binding helix of CREB contains three arginine residues (at positions 294, 298, and 301) that are each separated by about one helical turn and are located in the major groove of duplex DNA. 56 Mutational analyses showed that CREB binding to the enkephalin hairpin was far more sensitive to changes in the T residue of the G$T base-pair than to the G residue, 49 an effect seen clearly for both repeats in the GT2 hairpin (Figure 3) . Thus, at least some features of this mode of recognition are probably conserved, suggesting that interactions between arginine residues and the GT motif may define a relatively modular structural element for the recognition of folded ssDNA.
This interaction is reminiscent of the interaction between arginine and HIV TAR RNA that also is found in other ARM-RNA complexes. [57] [58] [59] In this interaction, one arginine residue forms hydrogen bonds to a guanine base and contacts an adjacent phosphate group in an RNA motif consisting of G:C and A:U base-pairs and an adjacent bulged U that completes a U-A:U base triple. [60] [61] [62] [63] Although we do not know the precise structure of the GT motif or how it is recognized, the major groove face of the presumed G$T "wobble arrangement" and the G/T base-step form an exceptionally electronegative surface, 64 with five contiguous hydrogen bond acceptors in the major groove (Figure 7(a) ). In an A-form RNA helix, these characteristics allow G$U base-pairs to serve as preferred binding sites for divalent cations, and in a group II self-splicing intron, a highly conserved sequence identical with the GT motif is essential for catalysis, at least partly because of its metal-binding capacity. 65, 66 In a Bform DNA helix with its wide major groove, this surface is accessible to elements of protein structure and may support multivalent hydrogen bonding to the guanidinium group donors, in several possible configurations. Intriguingly, a theoretical study noted that a G$T wobble pair is ideally arranged to form three hydrogen bonds to a guanidinium group that spans the base-pair (Figure 7(b) ). 67 This interaction was proposed to be particularly useful for recognition because of its ability to specify two wild-type R28 ( ), G34A/C49T ( ), G48A ( ), G37A ( ), and C38T/G45A ( ), with the location of mutations shown on the hairpin structure. Mutants are the same as shown in Figure 3. bases with a maximal number of hydrogen bonds and may provide a unique way to "sense" an ssDNA site because, unlike Watson-Crick pairs, G$T pairs display exclusively hydrogen bond acceptors in the major groove to complement the guanidinium group donors. Many other hydrogen bonding arrangements are possible, including ones where a guanidinium group spans the G/T base step. In addition, ethylation interference patterns (Figures 2(d) and 3(d) ) suggest that buttressing interactions to phosphate oxygen atoms, perhaps specifically positioned by the DNA secondary structure, might also contribute to affinity. Further structural studies are required to uncover the molecular details of these interactions.
The example of GT motif recognition illustrates how RNA-binding ARM peptides and basic helices of bZIP or related DNA-binding domains may be well-suited to recognize nucleic acids in multiple forms, including ssDNA. These domains often are poorly structured and may adapt to different secondary structure contexts. 42, 43, [68] [69] [70] [71] [72] [73] The abundance and flexibility of arginine side-chains, together with the diverse hydrogen bonding potential and electrostatic character of the guanidinium group, further enhance the versatility of such domains. It is interesting that G$T base-pairs also may increase the dynamics and flexibility of a DNA helix, 74 perhaps facilitating the mutually induced-fit binding mechanisms often observed with these proteins.
Role of DNA secondary structure in GT1 and GT2 motif recognition
The dominant GT1 class of selected molecules, exemplified by A3 (Figure 2(b) ), contains one GT motif in the context of a three-helix junction. Recognition of this class requires Rev amino acid residues Arg38, Arg42, and Trp45 for high-affinity binding ( Figure 5(a) ). Based on the spacing of the two arginine residues and the localized modification interference pattern (Figure 2(c) and (d) ), we infer that Arg38 and Arg42 probably recognize the GT motif located in the middle of the TGTT helix. This suggests that Trp45, which is located on the same side of the a-helix as the two arginine residues and about one turn away ( Figure 5(b) ), probably is positioned at or near the helix junction and the conserved unpaired C residue, where exposed base surfaces are likely to be available for stacking interactions. A confluence of helix ends, such as in the GT1 class of ssDNAs, is expected to provide a favorable environment for this type of structurespecific interaction. Indeed, fluorescence quenching and gel mobility-shift experiments support a role for Trp45 stacking in GT1 recognition (S.G.L. & A.D.F., unpublished results).
It is interesting that the Rev peptide recognizes both the hairpin GT2 ssDNA and RRE IIB RNA in the major groove of a duplex segment adjacent to a bulge, but otherwise there are striking differences in the two recognition strategies. In IIB RNA, two adjacent non-Watson-Crick base-pairs are essential for peptide binding, and while only one is contacted directly by Rev, both serve to widen the major groove of the A-form helix to allow access of the a-helix. 37, 38 Because the major groove of a B-form helix already is accessible in the GT2 ssDNA, such dramatic distortion of helix structure is unnecessary. The two essential non-Watson-Crick G$T basepairs in GT2 may introduce modest although potentially important local deviations from the canonical helical structure, 74 but in all likelihood they serve mainly as docking sites for arginine residues. The narrow segment of a-helix apparently contacted in both the GT1 and GT2 ssDNA contexts ( Figure 5(b) ) is consistent with burial in the shallow major groove and differs from the large surface buried in the deep RNA groove. 37, 38 Thus, in some ways, recognition of the GT motif more resembles that of DNA-binding a-helices. However, sequencespecific binding of a monomeric helix to duplex DNA has not been observed previously, which attests to the large contribution a single or tandem GT motif can make to binding affinity. In duplex DNA interactions, a-helices typically are oriented in the major groove in the context of a larger protein scaffold or through dimeric or higher-order oligomeric arrangements, 48 whereas the isolated Rev helix probably is oriented in the major groove of the GT motif DNAs by DNA structure-specific interactions. The three-helix junction of the GT1 motif and the bulged residue near the base of the GT2 motif likely establish the necessary DNA structural framework.
Possible biological contexts for the GT motif
Although we identified the GT motif in an in vitro selection experiment, features of the motif suggest it might function in biological settings. As part of a DNA fold, the GT motif is expected to be relatively stable, since a G$T base-pair is among the least destabilizing mismatches in a DNA helix and an adjacent C:G pair is its most energetically favored neighbor. 75, 76 At the same time, the presence of a G$T base-pair within a region of heavily basepaired DNA could serve to mark the structure as single-stranded, potentially allowing a DNA-binding protein to distinguish it from dsDNA and thereby utilize a folded ssDNA site as a regulatory sensor. 77, 78 It is possible that the relatively limited requirements for GT motif recognition might allow other DNA-binding proteins to function as specific ssDNA binding proteins, especially given the significant number of ARM and bZIP-like domains that display multiple arginine residues in the proper helical register. 41, 79 The convergence of our in vitro results and the enkephalin-CREB example provides some support for the existence of the GT motif in biology and for the suggestion that specific ssDNA-protein interactions may be more common than is currently appreciated.
Materials and Methods
Preparation of Rev peptide affinity resin
A Rev ARM peptide corresponding to residues 34-50, followed by four alanine residues and an arginine residue to stabilize the helical conformation, 45 and a cysteine residue to allow resin coupling (TRQARRNRRRR-WRERQRAAAARC) was synthesized using Fmoc chemistry, capped with N-terminal succinyl and C-terminal amide groups to further stabilize the helix, and purified on a reverse-phase C 4 HPLC column using an acetonitrile gradient. For coupling, 1 ml of packed u-amino-hexyl agarose (4% agarose, epoxy activated with a 12-atom spacer; Sigma Chemical Co.) was incubated with freshly prepared 2.5 mM sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC; Pierce Chemical Co.) in 5 ml of 50 mM sodium phosphate buffer (pH 7.4) for 30 minutes at 25 8C, washed three times with buffer, and resuspended in 2 ml of buffer containing 40 mg of peptide. The mixture was incubated for two hours at 25 8C, the unreacted resin was blocked with 20 ml of 500 mM DTT for 30 minutes at 25 8C, and the resin was washed three times with buffer and resuspended at a peptide concentration of 40 mg/ml.
In vitro selection
A DNA oligonucleotide library with 50 randomized positions (5 0 CGTACGGTCGACGCTAGC[N 50 ]CACGTG GAGCTCGGATCC) was synthesized and purified on a urea/10% polyacrylamide gel. Each round of selection was carried out in 10 mM Tris-HCl (pH 7.5), 5 mM KCl, 5 mM CaCl 2 , 3 mM MgCl 2 , and 0.005% (v/v) Triton X-100 with 400 mM NaCl (rounds 1-5), 500 mM NaCl (rounds 6-9), or 600 mM NaCl (rounds 10-13). In the first round, 20 ml of Rev-agarose resin and 100 pmol of library DNA were incubated in an Eppendorf tube in a volume of 100 ml for 30 minutes at 4 8C, and the resin washed three times with 400 ml of buffer containing 5 mg of yeast tRNA (Invitrogen). DNA was eluted in two 150 ml washes with buffer containing 5 mM uncoupled Rev peptide (suc-TRQARRNRRRRWRERQRAAAAR-am) and 5 mg of yeast tRNA. Under these conditions, w5% of the library DNA was retained and w35% eluted (compared to 28% retention and 93% elution for an RRE IIB RNA control). Eluted DNA was pooled and ethanol-precipitated with 10 mg of glycogen as carrier. DNA was PCR amplified for 10-15 cycles in reactions containing 500 nM 5 0 biotinylated primer (GGATCCGAGCTCCACGTG), 150 mM dNTPs, and 3 mM MgCl 2 , with melting for one minute at 94 8C, annealing for one minute at 55 8C, and extension for one minute at 72 8C. Amplified DNA was purified and quantified by the ethidium bromide spot assay as described. 80, 81 For all subsequent rounds, 7-20 pmol of DNA and 3 mg of tRNA were incubated with 15 ml of resin as described above, with the following modifications: elutions were performed with 1 mM Rev peptide in rounds 6-11 and with 500 nM peptide in rounds 12 and 13; only a single peptide elution step was performed in rounds 6-13; a non-specific elution step was performed in rounds 6 and 7, prior to Rev peptide elution, in which resin was washed once with buffer containing 5 mM Rev R/K peptide (with all arginine residues replaced by lysine); two Rev R/K elution steps were performed in rounds 8-13 prior to Rev peptide elution; 10 mM Rev R/K was used for nonspecific elution in rounds 8-11 and 20 mM Rev R/K in rounds 12 and 13. After 13 rounds of selection, DNA was amplified, digested with BamHI and SalI, cloned into pUC19, and sequenced.
Chemical modification interference
DNA oligonucleotides were synthesized, (5 0 -32 P)-endlabeled using phage T4 polynucleotide kinase, and purified twice using a Qiagen nucleotide removal column. For DMS modification, DNA in 100 ml modification buffer (50 mM sodium cacodylate, 1 mM EDTA, 2 mg salmon sperm DNA (Invitrogen)) was incubated with 1 ml DMS (Sigma) for two minutes at 25 8C. The reaction was stopped by adding 5 mg glycogen and sodium acetate to 0.3 M, and DNA was precipitated twice with ethanol and once with 50 ml 0.4 M NaCl and 1 ml ethanol. For N-ethyl-N-nitrosourea (ENU) modification, DNA in 100 ml modification buffer was incubated with 100 ml of a freshly made saturated solution of ENU (Sigma) in ethanol for 90 seconds at 80 8C and the reaction was stopped and precipitated twice with ethanol as above. For hydrazine modification, DNA in 20 ml of water was incubated with 30 ml hydrazine (Sigma) for four minutes at 25 8C and the reaction was stopped and precipitated twice with ethanol as above.
Modified DNAs were resuspended in 50 ml water, the bound fractions were isolated using the above protocol for in vitro selection, with 3 ml of Rev peptide-agarose resin, 500 mM NaCl binding buffer, and 2 mM Rev peptide for elution, and eluted DNA was precipitated with ethanol. For cleavage at DMS-and hydrazine-modified sites, DNA was resuspended in 25 ml 1 M piperidine (Sigma) with 2 mg salmon sperm DNA, incubated for 30 minutes at 90 8C, vacuum dried, resuspended in 25 ml water and dried again, precipitated once with ethanol, and resuspended in formamide. For cleavage at ENU modified sites, DNA was resuspended in 30 ml 15 mM sodium phosphate (pH 7.3), incubated with 5 ml 1 M NaOH for 30 minutes at 90 8C, neutralized with 5 ml HCl, precipitated twice with ethanol, and resuspended in formamide. All samples were analyzed on 12% TBE/ polyacrylamide/urea gels.
Fluorescence binding assays
A previously described Rev peptide RNA-binding assay 82 was adapted to monitor interactions with in vitro selected DNAs. The Rev peptide used for coupling to agarose was modified with fluorescein at its C-terminal cysteine by incubating 50 mM peptide with 500 mM 5-(iodoacetamido)fluorescein (Sigma-Aldrich) in 20 mM sodium phosphate (pH 8.0), 2 mM EDTA for two hours in the dark at 25 8C. Labeled peptide was purified by HPLC and detected and quantified by fluorescein absorbance at 475 nm.
For binding assays, fluorescein-labeled Rev peptide (2.5 nM) was incubated with DNA in 30 mM Hepes (pH 7.5), 100 mM KCl, 40 mM NaCl, 10 mM ammonium acetate, 10 mM guanidinium$HCl, 2 mM MgCl 2 , 0.5 mM EDTA, 0.001% Nonidet P-40 for 30 minutes at 25 8C in 20 ml binding reactions in 384-well plates. Fluorescence intensity and anisotropy were measured in an LJL Biosystems Criterion fluorimeter using fluorescein filter sets (excitation at 485 nm and emission at 530 nm) and a G-factor of 0.8. All points were measured in quadruplicate and all values were averaged over at least three independent experiments. Binding of molecule A3 was detected by a DNA-dependent increase in peptide anisotropy, whereas the anisotropy change from R28 binding was small. For R28 binding, a DNA-dependent increase in fluorescence intensity was used, which correlated with results from both anisotropy and gel mobility shift assays. All data were fit to a single-site binding model using Kaleidagraph software and all curve fits had R values exceeding 0.97.
Fluorescence competition assays were performed by incubating unlabeled competitor peptide with 2.5 nM labeled Rev peptide and 16 nM R28 DNA, or with 10 nM labeled peptide and 32 nM A3 DNA, for 30 minutes at 25 8C prior to measuring fluorescence. Data were fit to a single site competition model and IC 50 values were determined.
Gel mobility-shift assays
Rev peptide and 32 P-end labeled DNAs (%0.5 nM) were incubated in 10 ml 10 mM Hepes (pH 7.5), 100 mM KCl, 1 mM MgCl 2 , 0.5mM EDTA, 50 mg/ml yeast tRNA, and 10% glycerol for 30 minutes at 4 8C. Free and bound DNAs were resolved on 0.5x TBE 10% polyacrylamide gels at 4 8C and quantified by phosphorimaging.
Circular dichroism (CD) spectroscopy CD spectra were measured using an Aviv model 62DS spectropolarimeter. Samples (2.5 mM DNA and peptide) were prepared in 10 mM sodium phosphate (pH 7.5), 100 mM KCl, 40 mM NaCl, and 2 mM MgCl 2 and maintained at 25 8C. Spectra were recorded from 320 to 210 nm using a 1 cm path length cuvette. The signal was averaged for five seconds at each wavelength and scans were repeated three times and averaged.
